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Picosecond  X-Ray  Detector 

I  Executive  Summary 

The  goal  of  the  project  was  to  design,  develop  and  construct  an  x-ray 
detector  with  high  sensitivity  and  picosecond  time  resolution.  This  was 
achieved; 

A  Ford  Aerospace  Charged  Coupled  Device,  CCD,  was  utilized  as  the  x- 
ray  sensitive  material  around  which  the  design  and  construction  of  the 
picosecond  x-ray  detector  was  built.  This  device  has  now  become  a  commercial 
product  sold,  among  other  companies,  by  Photometries  Inc.,  and  Princeton 
Research  Inc. 

In  addition  we  designed  and  built  the  first  picosecond  x-ray  system.  This 
system  was  utilized  for  the  first  ever  picosecond  x-ray  diffraction  experiments. 
The  picosecond  x-ray  system  was  utilized  in  the  oxidative  fuel  cell  project  to 
measure  the  decomposition  of  methanol  and  the  change  of  the  structure  of  its 
platinum  catalyst.  Another  direct  product  of  the  work  is  the  publication  of  36 
papers,  in  major  scientific  journals,  and  two  patents. 


-3- 


II. 


Intzoduction 


X-ray  diffraction  is  a  well  established  field  which  provides  the  most 
detailed  information  on  the  molecular  and  crystal  structure  of  materials. 
However  the  strucfore  of  the  fast  intermediate  states  and  transient  species 
produced  during  the  interaction  of  materials  with  short  laser  pulses  or  other 
ultrafast  phenomena  have  been  studied  in  a  very  limited  manner  due  to  lack  of 
short  x-ray  pulses  with  proper  synchronization  capability. 

A  considerable  amount  of  ultrafast  spectroscopy  has  been  performed  by 
means  of  picosecond  and  subpicosecond  laser  techniques.  However,  ultrafast 
optical  spectroscopy  is  inherently  incapable  of  providing  the  detailed 
information  about  material  structures  that  can  be  obtained  with  x-ray  diffraction 
methods. 

X-ray  pulses  have  been  generated  for  several  decades  and  pulsed  x-ray 
sources  have  been  also  used  to  study  the  change  in  structure  under  various 
conditions  [1*6].  Lately,  synchrotrons  have  been  employed  to  generate  short  x- 
ray  pulses  for  time  resolved  x-ray  experiments  [4-6].  Synchrotron  sources 
provide  high  intensity,  tunable  and  highly  collimated  x-ray  pulses  with  duration 
100-200  ps,  but  are  difficult  to  synchronize  to  external  sources  to  an  accuracy 
better  than  a  few  nanoseconds.  X-rays  produced  by  laser  induced  plasma 
provide  another  means  for  the  geneation  of  incoherent  and  coherent  short  pulse 
radiation,  but  most  of  the  studies  are  confined  to  the  soft  x-ray  region  [7].  The 
conventional  x-ray  tube  also  has  been  modified  to  emit  pulses  in  the  millisecond 
range  and  flash  x-ray  techniques  are  capable  of  producing  nanosecond  pulses 
[1,2]. 

These  devices  which  generate  short  x-ray  pulses  may  be  used  in  time- 
resolved  x-ray  diffraction  research  in  areas  such  as  lattice  deformation  by  laser 
induced  heating  [5, 8],  surface  calorimetry  [9],  impact  induced  fast  reactions 
processes  [10],  solid  state  decomposition,  and  explosion  of  energetic  materials 
[11].  Each  of  the  above  techniques  has  advantages  and  disadvantages  over  the 
others  depending  on  the  specific  application.  For  time-resolved  studies  such  as 
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picosecond  x-ray  diffraction,  a  narrow  linewidth  is  required.  Sources  with  high 
flux  of  the  characteristic  x-ray  radiation  are  preferred  over  other  sources  which 
generate  x-rays  with  a  broader  spectrum.  In  order  to  achieve  time-resolution  on 
the  picosecond  scale  in  pump-probe  type  experiments,  picosecond 
synchronization  between  the  pump  and  probe  sources  is  essential. 

In  this  paper  we  report  the  details  of  a  new  technique  for  the  generation  of 
picosecond  hard  x-ray  pulses,  in  the  range  1-70  keV,  at  a  high  repetition  rate  and 
capable  of  accurate  synchronization  to  other  ultrafast  sources.  The  basic  idea 
revolves  around  the  replacement  of  the  cathode  in  a  conventional  x-ray  diode 
with  a  photocathode  excited  by  picosecond  optical  pulses  [12]. 

III.  Generation  of  Short  X-Ray  Pulses 

Picosecond  x-ray  pulses  provide  an  excellent  means  for  basic  research 
studies  in  time  resolved  structural  changes  and  find  use  in  several  technological 
applications.  To  develop  those  new  technologies  which  are  based  on  the 
interaction  of  matter  with  short  laser  pulses  it  is  critically  important  to 
understand  better  the  radiation-matta*  coupling  and  mechanism  of  energy 
transfer.  Such  knowledge  will  make  possible  the  evaluation  and  properties  of 
the  materials  which  will  be  suitable  for  new  technological  applications. 

Time-resolved  studies  of  fast  phenomena  have  been  accomplished  by 
several  techniques.  Some  of  the  most  important  include  optical 
probingCabsorption,  and  reflection),  photocunductivity,  time  of  flight  mass 
spectrometry,  and  electron  and  x-ray  diffraction.  All  of  these  techniques  provide 
limited  structural  information  and  each  has  its  own  limits  with  regard  to 
materials  and  processes.  X-ray  diffraction  has  been  used  for  many  years  to  study 
the  structural  properties  of  crystalline  and  to  some  extent  amorphous  materials 
on  the  atonuc  scale.  One  of  the  basic  advantages  of  x-ray  difif  action  is  that  to  a 
large  extent  x-rays  interact  weakly  with  matter  and  therefore  provide  an  ideal, 
non-destructive,  probe  for  struchiral  studies  of  bulk  as  well  of  surfaces.  Time- 
resolved  x-ray  diffraction  studies  have  been  demonstrated  in  recent  years  using 
short  x-ray  pulses  produced  by  laser  plasma  or  synchrotrons  [1-7].  Most  of  the 
time  resolved  experimental  measurements  have  been  used  for  the  study  of  the 
liquid-solid  interface  overheating  and  under  cooling  in  silicon  and  germanium 
single  crystals  induced  by  pulsed  laser  irradiation.  Nanosecond  time  resolution 
has  been  achieved  by  the  employment  of  picosecond  x-ray  pulses  from 


synchrotron  sources.  Sub-nanosecond  resolution  has  been  achieved  in  x-ray 
diffraction  experiments  using  laser  produced  plasma  as  a  x-ray  source  [6,7]. 

Increasing  the  time  resolution  of  x-ray  diffraction  measiu-ements  by 
moving  into  picosecond  and  subpicosecond  time  scales  is  important  both  from 
the  fundamental  physics  and  applied  technology  points  of  view. 

From  scientific  point  of  view  heating  a  solid  material  with  ultrashort 
pulses  produces  non-equilibrium  conditions  between  electrons  and  lattice  for 
times  less  than  the  electron  energy  relaxation  time.  (When  the  electron  system 
relaxation  time  is  shorter  than  several  picoseconds.  The  heat  transport  in  an  non¬ 
equilibrium  electron-lattice  system  is  also  not  well  understood.) 

From  the  applied  point  of  view,  interaction  of  materials  with  ultrashort 
laser  pulses  is  the  basis  for  rapidly  developing  new  technologies,  such  as  thin 
film  processing.  Additionally,  the  utilization  of  transient  states  of  atomic  and 
molecular  systenis  are  opening  new  fields  for  many  technological  advances  in 
fields  such  as  lithography,  photochemistry  and  imaging. 

Picosecond  time-resolved  studies  of  transient  phenomena  by  x-ray 
diffraction  have  been  absent  due  to  difficulties  of:  1)  production  of  narrow 
linewidth  picosecond  x-ray  pulses  and  2)  synchronization  of  the  pump  sources 
with  the  picosecond  x-ray  generator  with  picosecond  accuracy . 

We  now  present  our  new  technique  for  the  generation  of  picosecond  hard 
x-ray  pulses,  which  can  be  synchronized  with  other  fast  sources  with  picosecond 
accuracy  [8,9].  The  picosecond  x-ray  pulses  are  generated  in  an  x-ray  diode 
where  the  photocathode  electrons  are  enutted  by  ultrashort  laser  pulses. 

IV.  Picosecond  X-Ray  Diode 

IVa.  Design  Considerations 

In  conventional  x-ray  tubes  anode  current  generation  of  the  order  of  tens 
of  miliamps  is  attainable.  Modulation  of  the  x-ray  output  is  possible  either  by 
modulation  of  the  anode  voltage  or  catiiode  emission.  The  x-ray  diodes  using 
thermionic  emission  as  the  electron  source  have  a  long  response  time,  while  x-ray 
flash  tubes  can  produce  much  shorter  pulses  by  employment  of  cold  cathodes.  In 
a  flash  x-ray  diode  a  vacuum  discharge  is  initiated  by  field  emission,  plasma 
growth  or  microparticles  [10].  In  such  systems  pulses  of  tens  of  nanoseconds  in 
duration  or  longer  are  produced.  Replacement  of  the  cathode  in  the  x-ray  diode 
by  a  photocathode  excited  by  short  laser  pulse  allows  for  picosecond  x-ray 
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generation.  The  duration  of  the  x-ray  pulse  produced  by  a  diode  is  determined 
by  the  duration  of  the  electron  pulse  impinging  on  the  anode.  Therefore  in  order 
to  evaluate  the  operation  of  the  x-ray  photodiode  we  consider  the  generation  of 
short  electron  pulses  on  the  cathode  and  their  (changes  during)  propagation 
between  the  cathode  and  anode.  In  order  to  obtain  enough  x-ray  flux  to  be 
detected  and  for  use  in  diffraction  and  other  time  resolve  experiments  in  high 
peak  current  electron  pulses  have  to  be  generated  and  subsequently  propagated 
through  the  x-ray  diode. 

In  the  last  few  years  photocathodes  using  short  pulse  laser  excitation  have 
received  great  attention  as  a  source  for  high  current  and  short  duration  electron 
pulsesi  11-13].  This  interest  is  related  to  the  application  of  these  types  of  electron 
sources  as  free  electron  lasers  and  acceleration  injectors.  Some  of  the  most 
important  photocathode  requirements  include  the  production  of  electron  pulses 
of  high  peak  current  densities  (kA/cm^)  and  picosecond  duration.  Metallic 
photocathodes  due  to  their  excellent  electric  and  heat  conductivity  properties 
and  higher  damage  threshold  are  preferable  to  semiconductor  or  alkali-metal 
composites.  Additionally  the  composite  photocathodes  demand  pressure  below 
10*9  while  pure  metal  photocathodes  require  little  preparation  and  a 
modest  vacuum  [below  10^  Toir],  with  virtually  unlimited  lifetime  and  easy 
restoration  by  cleaning  and  polishing.  The  main  disadvantage  of  a  metallic 
photocathode  is  its  low  quantum  efficiency  and  high  work  function  which 
require  intense,  deep  ultraviolet  light  (UV)  for  sufficient  electron  photoemission. 
Recoxtly  new  results  have  been  reported  regarding  the  photoionization 
properties  of  metals  for  laser  driven  metal  photocathodes  [11,14  ]. 

We  have  carried  out  a  comparative  study  of  several  metals  as  possible 
photocathode  materials  to  be  used  in  a  x-ray  source  syst^.  The  details  of  this 
study  were  reported  elsewhere  [14  ]  and  here  the  results  are  only  stunmarized  in 
Table  I.  Two  wavelengths  (263  nm  and  211  nm)  have  been  used  for  all  metals  and 
only  for  A1  we  have  measured  the  quantum  efficiency  at  193  nm.  In  Table  I  the 
experim^tal  data,  reported  in  the  literature  which  is  relevant  to  our 
expoiments  are  also  presented. 

The  operation  of  the  x-ray  diode  with  a  photocathode  is  otherwise  similar 
to  those  found  in  a  convoitional  tube  where  the  output  x-ray  spectrum  is 
determined  by  the  anode  material  and  electron  energy.  In  order  to  evaluate  the 
performance  of  a  photo-exdted  x-ray  diode  we  follow  the  analysis  of  a  space- 
charge  limited  photodiode  as  reported  in  reference  [13].  For  simplicity  we 


consider  a  planar  x-ray  diode  consisting  of  a  flat  photocathode  and  a  flat  anode 
separated  by  a  fixed  distance  in  vacuum  (Fig.l).  In  a  planar  diode,  the  total 
charge  per  unit  electrode  area  traveling  from  cathode  to  anode  through  free 
space  and  the  electric  circuit  is; 

where  qc  is  the  capacitive  charge  per  unit  area  and  qi  is  the  induced  charge 
component  from  electron  motion  [131.  Before  light  strikes  the  cathode  there  is  no 
current  in  the  circuit  and  therefore  qi  =  0.  The  charge  after  illumination  available 
is  the  capacitive  charge  which  has  a  static  origin.  If  the  voltage  applied  between 
electrodes  is  V,  the  available  charge  is; 
qc^CsV 

where  Cs  is  the  diode  capacity  per  unit  area.  For  a  plane  diode:  Cs  =  eold,  where 
d  is  the  anode-cathode  separation  and  eo  is  the  free  space  permittivity.  For  a 
practical  device  the  anode-cathode  distances  should  be  in  the  range  of  5  -  30  mm 
and  the  applied  voltage  below  500  kV.  In  this  case,  both  relativistic  effects  as 
well  as  field  eiffects  may  be  justifiably  neglected. 

A  diode  having  the  described  geometry  and  excited  by  picosecond  light 
pulses  normally  operate  in  the  transient  or  pulsed  mode.  In  the  transient  regime, 
the  duration  of  the  electron  pulse  (tp),  traveling  from  the  cathode  to  the  anode  is 
shorter  than  the  transit  time  of  the  electrons  between  electrodes.  The  transit  time 
of  non-relativistic  electrons  across  the  diode  gap  is  given  by: 
tt  =  15  (2mle)V2  dlvV2 

where  e  and  m  are  the  charge  and  mass  of  the  electron,  respectively  [13]. 

When  all  the  available  capadtive  charge  qc  has  been  emitted,  the  intensity 
of  the  electric  field  at  the  cathode  goes  to  zero  owing  to  charge  screening. 
Additional  photons  generate  electrons  at  the  surface  in  a  roughly  zero  field 
environment  that  mostly  results  in  excess  electrons  returning  to  the  cathode. 

Thus  when  the  cathode  is  illuminated  by  an  intense  short  light  pulse,  only  the 
capadtive  charge  qc  can  be  extracted.  If  the  time  between  successive  light  pulses 
striking  the  cathode  is  longer  than  the  transit  time  tt,  then  only  one  electron  pulse 
is  present  in  the  diode  gap  at  a  time  and  the  induced  charge  density  is  therefore 
zero.  The  maximum  peak  current  density  at  the  anode  is  then: 

/M  =  ‘Ic/fa 

where  t^  is  the  electron  pulse  duration  at  the  anode  which  is  directly  related  to 
the  light  pulse  width  fp .  It  is  a  fair  assumption  that  the  electron  pulse  formed  at 
the  cathode  stu-face  by  photoemission  initially  has  the  same  duration  as  the 


incident  picosecond  laser  pulse.  However,  space  charge  interaction  within  the 
electron  pulse  during  propagation  between  cathode  and  anode  may  result  in 
significant  temporal  and  spatial  dispersion,  depending  on  the  initial  current 
daisity  of  the  photoelectron  burst.  Coulomb  repulsion  between  the  electrons 
inside  the  pulse  is  primarily  responsible  for  a  longer  temporal  duration  and 
wider  spatial  distribution  of  the  electron  pulse  at  the  anode. 

The  duration  tx,  of  the  x-ray  pulse  generated  by  electron  impact  on  the 
anode  is  assumed  to  be  equal  to  the  duration  of  the  electron  pulse  at  the  anode,  ta 
=  tx-  Therefore,  spatial  distribution  of  the  x-rays  on  the  anode  surface  are  largely 
determined  by  the  final  distribution  of  the  electrons  at  the  anode.  Computer 
simulations  of  the  temporal  dispersion  of  short  electron  pulses  traveling  across  a 
diode  have  been  reported  previously  [15].  It  has  been  shown  that  widening  of  the 
electron  pulse  duration  at  the  anode  may  increase  significantly  when  very  short 
electron  ptilses  are  generated  at  the  cathode  and  the  diode  is  operated  at  the 
space-charge  limit.  In  Fig.  2  we  present  the  calculated  pulse  duration  at  the  anode 
for  space  charge  regime  of  operation  of  a  plane  diode  with  10  mm  cathode-anode 
separation  and  an  applied  voltage  of  75  kV  [15]. 

The  transient  mode  of  operation  of  the  diode  allows  for  much  higher  peak 
current  densities  in  comparison  to  steady-state  operation.  In  the  steady-state 
regime  of  operation  the  space-charge  limited  current  density  in  the  diode  is  then 
governed  by  the  well-known  Langmuir-Child  equation: 

JL  =  eo  (S2el81m)V2  v3/2/d2 

Consequently  one  may  also  expect  higher  peak  x-ray  intensities  in  the  pulsed 
mode  of  operation,  which  scales  as  ~  tt/ta- 

The  spectral  properties,  spatial  distribution  and  efficiency  of  x-ray 
radiation  production  by  electron  bombardment  has  been  studied  in  detail  [16]. 
When  narrow  linewidth  characteristic  radiation  is  required  anodes  made  from 
light  elements  are  preferable.  When  continuum  radiation  is  desirable  heavier 
elements  are  usually  employed  as  anodes.  We  note  that  characteristic  radiation 
has  an  isotropic  angular  distribution,  while  bremsstrahlung  becomes  more 
peaked  in  the  forward  direction  and  depleted  in  the  backward  direction  as  the 
incident  electron  energy  increases.  Depending  on  the  needed  properties  of  the  x- 
ray  radiation  the  proper  design  considerations  have  to  be  carried  out  which  will 
tend  to  maximize  the  usable  x-ray  output  [17]. 


In  the  present  experiment  a  copper  anode  was  used  to  produce  Ka 
radiation  with  1*  1.54  A  and  Dl/1  =  2.9xlcH-  Using  the  data  for  production  Ka 
radiation  efficiency  from  thick  targets  of  pure  elements  presented  in  [  17,18  ]  and 
the  above  analysis  we  have  estimated  the  output  of  such  a  pulsed  x-ray  diode 
with  1  cm  anode  cathode  separation  at  various  applied  voltages.  The  results  are 
given  in  Table  H.  For  Copper  Ka  production  the  optimum  voltage  is  about  300  kV 
[171. 

A  polished  aluminum  flat  cathode  was  used  in  the  experiment  has  a 
quantum  efficiency  of  4.65  x  10^  for  193  nm  radiation  (Table  I).  For  an  applied 
voltage  of  75  kV  and  1  cm  anode  cathode  gap  the  maximum  available  charge  per 
mm^  is  66.4  pC.  This  amount  of  charge  will  produce  4.97x1 0^  Cu  Ka  photons  per 
pulse  per  unit  solid  angle.  Taking  into  account  the  quantum  efficiency  of  the  A1 
cathode  we  find  that  92  pj/cm^  per  pulse  of  UV  radiation  at  193  nm  are  required 
to  extract  all  available  charge.  At  a  pulse  repetition  rate  of  300  Hz  this 
corresponds  to  an  average  power  density  of  27.6  mVV/cm^ . 

In  order  to  increase  the  usable  x-ray  output,  a  more  sophisticated 
geometry  of  anode-cathode  system  is  now  under  evaluation.  The  diode  consists 
of  anode  in  the  form  of  a  small  angle  cone  inserted  in  a  cathode  which  is  in  a 
form  which  is  expected  to  maximize  the  laser  pulse  effective  electron 
photoemission.  This  geometry  is  expected  to  increase  considerably  the  x-ray  flux 
within  the  lOoo  take  off  angle.  An  additional  increase  in  the  x-ray  flux  is  expected 
by  increasing  the  applied  voltage  from  70  KV  to  250  KV.  This  is  a  feasible  task 
facilitated  by  the  availability  of  pulsed  transformers  which  operate  at  high 
repetition  rates,  due  to  the  low  power  load  required  in  our  experimental  system. 
Utilization  of  the  picosecond  pulsed  time  resolved  x-ray  di^action  experiments 
has  been  presented  briefly  (ref.  9)  and  will  be  described  in  detail  in  a  forthcoming 
communication,  hicreasing  the  applied  voltage  to  several  hundred  kilovolts  is 
feasible  by  using  pulse  transformers  which  can  operate  at  high  repetition  rate, 
since  the  average  power  load  is  low. 


V. 


Laser  System 


In  order  to  meet  the  above  requirements  for  the  UV  pump  source  that 
drives  the  x-ray  diode,  a  high  power  picosecond  laser  system  based  on  an  ArF 
exdmer  amplifier  has  been  developed  that  generates  UV  pulses  with  duration 
shorter  than  10  ps,  and  pulse  energy  up  to  2.5  mj  at  a  repetition  rate  of  300  Hz. 
The  experimental  system  is  shown  in  Fig.  3.  A  detailed  description  of  the  system 
is  presented  in  [19]  and  therefore  only  brief  outline  will  be  given  here. 

The  master  oscillator  is  a  cw  mode-locked  Nd:YLF  laser  generating  50  ps 
duration  pulses  at  1053  nm  and  76  MHz  repetition  rate  with  an  average  power  of 
13  W.  Its  output  is  up-converted  by  a  LBO  crystal  to  2  W  of  527  nm  radiation 
which  is  used  for  synchronous  pumping  of  a  single  jet  dye  laser.  The  pulse 
duration  of  the  dye  laser  was  found  to  be  5  ps  with  an  average  output  power  of 
200  mW  at  724  nm.  Part  of  the  remaining  imconverted  1053  nm  radiation  from 
the  LBO  crystal  is  used  to  seed  a  Nd:YLF  regenerative  amplifier  which  produces 
50  ps  pulses  with  energy  of  1.5  mJ  at  a  300  Hz  repetition  rate.  The  output  of  the 
regenerative  amplifier  is  converted  to  second  and  fourth  harmonics  in  a  series  of 
two  BBO  crystals.  The  527  nm  radiation  remaining  after  the  fourth  harmonic 
crystal  is  used  to  pump  a  two-stage  dye  amplifier.  The  263  nm  pulse  energy  is 
limited  to  the  100-200  mJ  range  by  detuning  the  fourth  harmonic  crystal  away 
from  optimum  phase  matching.  Thus  the  amplified  dye  laser  pulse  energy  is  in 
the  range  of  10-15  mJ. 

The  193  nm  seed  pulses  were  generated  in  another  BBO  crystal  by  mixing 
263  nm  and  724  nm  pulses.  Selecting  a  proper  BBO  crystal  made  possible  to 
generate  steady  seed  pulses  with  energies  of  1.5-4  mJ  at  300  Hz.  The  seed  pulses 
at  193  nm  were  amplified  in  a  double  pass  ArF  amplifier  to  an  energy  of  2-2.5  mJ, 
thus  an  average  output  power  of  600-750  mW  was  obtained.  Streak  camera 
measurements  of  the  amplified  193  nm  pulses  gave  an  upper  limit  of  9  ps  (Full 
Width  at  Half  Maximum)  for  the  pulse  duration. 

The  operation  of  the  system  is  critically  dependent  on  the  synchronization 
of  various  components.  The  electronic  components  used  for  synchronization  are 
also  shown  in  Hg.  3.  Given  that  this  Nd:YLF  regenerative  amplifier  possesses  a 
different  cavity  round-trip  time  than  the  master  cw  mode-locked  laser,  the 
number  of  passes  inside  the  regenerative  amplifier  must  be  fixed.  The  38  MHz 
liF  signal  from  the  mode-locker  of  the  master  oscillator  is  used  for  timing  the 
pulse  selection  and  switch  out  signals  for  the  Pockels  cell  in  the  regenerative 
amplifier,  which  subsequently  triggers  a  digital  delay  pulse  generator.  The  delay 
generator  thus  becomes  a  timing  source  for  the  ArF  discharge,  streak  camera 
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sweep,  etc.  A  zero  drift  control  module  was  used  to  limit  the  jitter  in  the  gain 
timing  of  the  exdmer  discharge  to  ±2  ns.  Such  fluctuations  in  the  discharge 
timing  are  tolerable  given  a  seed  pulse  transit  time  through  the  amplifier  of  7  ns 
and  a  discharge  gain  lifetime  greater  than  10  ns.  The  pulse-to-pulse  intensity 
fluctuation  under  normal  op>erating  conditions  depends  on  many  factors, 
including  gas  lifetime  and  discharge  parameters,  but  was  typically  less  than  30% 
with  a  fresh  gas  fill.  The  ArF  amplifier  was  equipped  with  a  liquid  nitrogen  gas 
purifier  which  allowed  for  up  to  4  hours  operation  with  a  single  gas  fill  and  less 
than  50%  degradation  of  the  output  power  at  a  fixed  discharge  high  voltage.  It  is 
noteworthy  to  consider  that  at  a  300  Hz  repetition  rate  more  than  10^  pulses  are 
amplified  per  hour.  In  this  system  picosecond  pulses  of  several  optical 
wavelengths  (1053  nm,  724  nm,  527  nm,  263  nm  and  193  nm)  are  synchronized 
with  the  x-ray  pulse  to  picosecond  accuracy. 

Vb.  Generation  of  picosecond  x-ray  pulses. 

The  output  radiation  from  the  ArF  excimer  amplifier  was  used  to 
operate  the  x-ray  diode  shown  in  Fig.l.  The  cathode  and  the  anode  were  made 
from  bulk  samples  of  A1  and  Cu,  respectively,  and  polished  using  Micro-Mesh® 
abrasives  to  achieve  a  surface  roughness  of  less  than  25  mm.  The  electrodes  were 
cleaned  with  hexane  and  installed  in  the  vacuum  chamber.  The  flat  surfaces  of 
the  anode  (3  mm  diameter)  and  cathode  (12  mm  diameter)  were  separated  by  10 
mm.  The  x-ray  diode  chamber  was  normally  kept  at  pressure  of  4-7  x  10"^  Torr. 
The  UV  radiation  was  directed  on  the  cathode  through  a  MgF2  window  at  15'* 
relative  to  the  normal  of  the  cathode  surface.  The  diode  chamber  was  equipped 
with  two  250  mm  thick  Be  windows  for  the  x-ray  output .  One  arm  of  the  x-ray 
output  impinges  upon  the  entrance  slit  of  a  streak  camera  used  for  pump/probe 
timing  and  pulse  duration  measurements.  The  measured  pulse  duration  of  the 
amplified  193  nm  pulse  was  found  to  be  9  ps  (FWHM),  which  is  much  less  than 
the  190  ps  electron  transit  time  calculated  for  this  x-ray  diode  [13].  Also  a 
repetition  rate  of  300  Hz  implies  a  period  of  3.3  ms  between  UV  pulses  so  that  the 
electron  pulses  in  the  diode  do  not  overlap  in  time.  Therefore  the  amount  of  Cu 
Ka  x-ray  photons  produced  by  each  UV  pulse  can  be  evaluated  individually.  At 
70  kV  anode-cathode  voltage,  the  maximum  amount  of  charge  density  which  can 
be  extracted  firom  the  cathode  is  4.9  x  10"^^  C/mm^,  which  yields  3  x  10® 
electrons  per  pulse.  Incorporating  the  efficiency  of  Ka  production  from  a  Cu 
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target  into  the  quantum  yield  calculation  [18]  results  in  3.7  x  lO^  photons  of  Cu 
Ka  radiation  being  produced  per  unit  solid  angle  per  pulse. 

Temporal  measurements  of  the  x-ray  output  were  carried  out  with 
a  high  repetition  rate,  picosecond  resolution  streak  camera  (Kentech  Instruments 
Ltd.  10  ps  resolution  used  in  the  measurements)  [20].  The  photocathode  of  the 
camera  was  divided  into  two  sections:  a  quartz  window  coated  with  30  nm  gold 
film  sensitive  to  193  nm  radiation  and  1.5  mm  mylar  film  coated  with  30  nm  thick 
low  density  Csl  sensitive  to  x-ray  photons.  The  streak  camera  output  was 
optically  coupled  to  a  Hamamatsu  Saticon  CCD  camera  coupled  to  an 
electrostatic  image  intensifier.  The  output  of  the  CCD  camera  is  stored  on  a 
Hamamatsu  video  processor  for  measurements  and  enhancement. 

Unfortxmately,  the  x-ray  intensity  output  was  insutfident  for  single  shot 
measurements,  and  frame  accumulation  of  several  thousand  shots  was  necessary 
to  obtain  a  measurable  signal.  Two  different  trigger  sources  were  employed  to 
trigger  the  streak  camera  sweep:  an  additional  channel  from  the  same  digital 
delay  generator  used  to  trigger  the  exdmer  amplifier,  or  the  output  of  a  fast 
vacuum  photodiode  illuminated  by  second  harmonic  pulses.  Although  in  both 
cases  successful  measurements  were  performed,  the  jitter  using  the  photcxliode 
trigger  was  less  and  for  this  reason  it  was  used  for  the  x-ray  pulse  duration 
measurements.  An  estimate  of  the  effect  of  timing  jitter  on  pulsewidth 
measurements  must  be  induded  in  an  attempt  to  derive  an  actual  pulsewidth 
from  streak  camera  observations.  In  order  to  estimate  the  jitter,  the  UV  intensity 
inddent  on  the  streak  camera  slits  was  attenuated  so  that  a  UV  pulse  image  was 
accumulated  by  the  same  number  of  frames  (-2000)  as  the  x-ray  image.  Images  of 
both  x-ray  and  UV  pulses  were  recorded  simultaneously.  Scans  of  this  image  in 
the  videoprocessor,  result  in  a  UV  image  duration  of  50  ps  (FWHM)  and  a  x-ray 
pulse  shape  width  of  130  ps  (FWHM).  The  amplified  193  nm  pulsewidth  is 
known  to  be  less  than  9  ps  (FWHM)  from  previous  measurements  [19].  Scaling 
the  x-ray  measurement  by  the  ratio  of  the  known/observed  UV  pulsewidths  in 
order  to  account  for  the  effects  of  timing  jitter  gives  a  lower  limit  for  the  x-ray 
pulse  duration  of  20  ps.  If  the  jitter  broadens  the  observed  pulse  duration  in  a 
cumulative  manner,  then  subtracting  the  difference  of  the  UV  pulsewidths  from 
the  observed  x-ray  signal  may  be  a  more  appropriate  adjustment  that  gives  an 
upper  limit  for  the  x-ray  pulsewidth  of  90  ps.  In  any  case,  it  is  safe  to  assume 
that  the  true  x-ray  pulse  duration  lies  in  the  range  of  20-90  ps.  Using  computer 
simulation  data  for  the  dispersion  of  short  electron  pulses  across  a  diode  in  the 


space-charge  regime,  it  is  estimated  that  a  9  ps  electron  pulse  at  the  cathode 
surface  yields  a  23  ps  electron  pulse  at  the  anode  [15].  This  value  is  in  agreement 
with  the  measured  x-ray  pulse  duration,  assuming  that  the  x-ray  pulsewidth 
equals  the  electron  pulse  duration  at  the  anode. 

VI.  X-Ray  Detection  System 

The  x-ray  output  from  the  diode  through  the  other  Be  window  was 
used  to  carry  out  spectral  and  time-resolved  x-ray  diffraction  measurements. 

The  UV  beam  from  the  exdmer  amplifier  was  attenuated  and  focused  with  1  m 
focal  length  lens  onto  the  cathode  surface.  The  UV  spot  on  the  cathode  was 
approximately  3  mm  diameter  and  situated  opposite  the  anode.  No  detailed 
study  of  the  influence  of  the  size  and  position  of  the  UV  beam  on  the  cathode  on 
the  x-ray  output  was  carried  out.  However  shifting  the  position  of  the  UV  spot 
on  the  cathode  changed  the  distribution  of  the  x-ray  production  ffom  the  anode 
surface.  Pinhole  pictures  suggest  that  for  the  above  positioning  of  the  UV  beam 
the  predominant  part  of  the  x-ray  output  was  generated  on  the  flat  surface  of  the 
anode.  Fig.  4  shows  a  pinhole  image  of  the  spatial  x-ray  distribution  on  the 
anode  surface.  It  is  noteworthy  that  the  use  of  a  photocathode  allows,  in 
principle,  the  implementation  of  more  complicated  geometry's  for  varying  the 
spatial  and  temporal  distribution  from  the  x-ray  source. 

The  x-ray  output  was  measured  using  a  large  area  CCD  camera 
designed  specifically  for  direct  x-ray  imaging.  The  camera  consists  of  a  Ford 
Aerospace  2048  x  2048  MPP  CCD  chip  (15  mm  pixel),  cooled  by  liquid  nitrogen 
(Photometries  Ltd.),  and  interfaced  to  a  Macintosh  nbc  computer  [8].  The  active 
area  of  the  CCD  is  30  x  30  mm^,  and  the  conversion  efficiency  for  8  keV  photons 
is  about  15%.  Cooling  to  low  temperatures  (-100^)  reduces  the  dark  current  to 
allow  for  single  photon  detection.  Camera  readout  at  50  kHz  with  4x4  pixel 
binning  was  usually  employed  to  increase  the  data  acquisition  rate,  since  the  full 
15  mm  spatial  resolution  was  seldom  required. 

The  measured  x-ray  output  flux  at  40  cm  from  the  anode  and  a  10*’ 
take-off  angle  was  3  x  10^  Cu  Ka  photons  per  cm^  per  second.  This  observed 
value  was  in  good  agreement  with  the  calculated  value  for  a  pulsed  x-ray  diode 
with  a  saturated  photocathode.  Single  or  double  crystal  monochromator 
arrangements  yielded  ~3%  Bragg  reflection  from  a  Si  (111)  crystal  and  about  6% 
Bragg  reflection  from  Pt  (111)  crystal.  The  measured  ratio  of  intensities  of  the 
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Kal/  Ka2  and  Kb  lines  correspond  to  the  output  from  a  conventional  x-ray  tube 
[16].  Fig.  5  shows  the  dependence  of  Cu  Ka  output  on  the  applied  voltage  at 
constant  UV  illumination.  The  output  increases  slightly  faster  than  (V/Vk 
.1)1.67  to  the  dependence  of  the  available  charge  on  the  applied  voltage  (Vk 
represents  the  K-shell  ionization  voltage  of  the  anode  material)  [16].  When  the  x- 
ray  diode  was  operated  in  the  saturated  mode  the  fluctuations  of  the  x-ray 
output  energy  was  found  to  be  an  order  of  magnitude  less  than  the  fluctuations 
in  the  input  UV  pulse  energy  which  is  a  rather  expected  result. 

The  estimated  energy  required  of  this  system  for  the  conversion  to 
193  nm  radiation  to  Cu  Ka  radiation  is  approximately  0.5%  of  the  UV  flux 
necessary  to  saturate  the  x-ray  photodiode. 

An  estimate  of  the  effect  of  timing  jitter  on  pulsewidth  measurements 
must  be  included  in  an  attempt  to  derive  an  actual  pulsewidth  from  the  streak 
camera  observations.  In  order  to  estimate  the  jitter,  the  UV  intensity  incident  on 
the  streak  camera  slits  was  attenuated  so  that  a  UV  pulse  image  was  accumulated 
in  the  same  number  of  frames  (~2000)  as  a  typical  x-ray  im'trr  Fig.  6a  is  a 
photograph  of  the  streak  camera  image  of  two  UV  pulses  separated  by  500  ps 
and  the  x-ray  pulse  image  from  2000  frames  of  integration.  It  should  be  noted 
that  this  image  was  deliberately  overexposed  to  enhance  the  contrast  for 
photographic  reproduction.  Scans  of  this  image  in  the  videoprocessor  provide  a 
measurement  of  the  UV  pulse  duration  of  51  ps  (FWHM)  as  shown  in  Fig.  6b. 
This  figure  also  shows  the  x-ray  pulse  shape  with  an  observed  duration  of  128  ps 
(FWHM).  The  amplified  193  nm  pulsewiddi  is  known  to  be  less  than  9  ps 
(FWHM)  from  previous  measurements  [19].  Scaling  the  x-ray  measurement  by 
the  ratio  of  the  known/observed  UV  pulsewiddis  in  order  to  accoimt  for  the 
effects  of  timing  jitter  gives  a  lower  limit  for  the  x-ray  pulse  duration  of  20  ps.  If 
the  jitter  broadens  the  observed  pulse  duration  in  a  cumulative  manner,  then 
subtracting  the  difference  of  the  UV  pulsewidths  from  the  observed  x-ray  signal 
may  be  a  more  appropriate  adjustment  that  gives  an  upper  limit  for  the  x-ray 
pulsewiddi  of  90  ps.  In  any  case,  it  is  safe  to  assume  the  true  x-ray  pulse 
duration  lies  in  the  range  of  20-90  ps.  Using  computer  simulation  data  for  the 
dispersion  of  short  electron  pulses  across  a  diode  in  the  space-charge  regime,  it  is 
estimated  that  a  9  ps  electron  pulse  at  die  cathode  surface  yields  a  23  ps  electron 
pulse  at  the  anode  [15].  This  value  is  in  agreement  with  the  measured  x-ray 
pulse  duration,  given  the  validity  of  the  assumption  that  the  x-ray  pulsewidth 
equals  the  electron  pulse  duration  at  the  anode. 
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VII. 


Applications  to  Picosecond  X-Ray  Diffraction 


vna.  Intermediate  Structures  in  Ft 

The  output  from  the  x-ray  diode  was  used  to  perform  for  the  first  time 
picosecond  time-resolved  x-ray  di^action  experiments.  The  goal  of  the 
experiment  was  to  observe  crystal  lattice  distortion  due  to  picosecond  light  pulse 
heating.  A  platinum  (111)  crystal  was  placed  on  a  three-axis  Eulerian  cradle 
cm  from  the  anode  of  the  x-ray  diode.  Two  0.5  mm  parallel  slits  were  mour 
between  the  x-ray  source  and  the  Pt  crystal  to  collimate  the  x-ray  beam.  The  x- 
ray  pulse  impinged  upon  the  sample  at  an  angle  of  19.87**  (Bragg  condition).  The 
crystal  dimensions  (1  mm  thick  and  9  mm  in  diameter)  allow  the  CCD  camera  to 
record  the  diffracted  x-rays  along  the  whole  diameter  of  the  crystal. 

The  output  of  the  ArF  amplifier  was  split  in  two  arms,  one  used  to  drive 
the  x-ray  diode,  and  the  other  to  heat  the  Pt  crystal  after  a  proper  delay  was 
inserted.  The  UV  heating  (pump)  beam  was  focused  on  the  crystal  surface  in  a  2 
mm  diameter  spot  with  approximately  1.5  mj/cm^  average  energy  density  per 
pulse.  Under  such  conditions  no  surface  damage  was  observed  even  after  many 
hours  of  irradiation.  The  timing  between  the  heating  pulse  and  the  x-ray  pulse 
was  measured  using  the  streak  camera  as  discussed  above. 

Fig.  7  shows  a  t3rpical  picture  from  the  CCD  detection  system.  With 
proper  alignment  the  diffraction  from  the  whole  crystal  is  recorded.  A  metal 
screen  positioned  on  the  crystal  surface  divided  the  crystal  into  two  segments, 
the  lower  section  where  the  heating  UV  radiation  was  directed  and  an  upper  area 
not  illuminated  by  the  UV  radiation  during  all  measuremoits.  The  results 
reported  here  wore  produced  by  thirty  minute  exposures  (5.4  x  10^  shots),  and 
the  signal  from  the  upper  part  of  the  crystal  was  used  as  a  reference  in  order  to 
accoimt  for  variations  in  the  x-ray  flux.  Typically  two  consecutive  e)^>osures  are 
made,  one  with  UV  radiation  heating  the  lower  part  of  the  crystal,  the  next  one 
without  UV  heating.  Fig.  8  is  an  example  of  the  horizontal  scan  of  such  exposure 
averaging  20  pixels  in  the  vertical  direction  (1.2  mm  on  CCD).  Fig.  8  depicts  the 
reference  signals  (a)  and  (c),  as  well  as  the  diffracted  x-ray  photons  detected  from 
the  unheated  (b)  and  heated  (d)  areas  of  foe  crystal.  The  decrease  in  intensity  of 
the  diffracted  signal  due  to  foe  heating  is  readily  seen.  The  maximum  decrease 
in  foe  diffracted  x-ray  signal  due  to  laser  pulse  heating  was  ~6%  with  foe  delay 
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between  the  UV  heating  pulse  and  the  probe  x-ray  pulse  set  at  less  thw  100  ps. 
Within  this  experimental  arrangement,  the  timing  accuraq:  of  the  arrival  of  the 
piunp  and  probe  pulses  at  the  sample  was  about  100  ps.  When  the  delay  of  the 
x-ray  pulse  was  increased  to  400  ps  relative  to  the  maximum  interaction,  the 
diffracted  signal  decreased  to  2-3%,  which  was  within  the  fluctuation  of  the 
measurements. 

Temperature  changes  in  the  crystal  due  to  laser  heating  affect  the 
diffracted  x-ray  by  thermal  strain  which  alters  the  lattice  spacing  and  the 
thermal-ionic  motion  which  decreases  the  scattering  power  (Debye-Waller  effect) 
[22].  These  effects  have  been  treated  in  detail  only  for  a  constant  and 
homogeneous  temperature  distribution.  A  recent  report  [23]  considering  a  short 
pulse  laser  heating  on  metals  has  shown  that  for  10  ps  heating  laser  pulse  the 
temperature  distribution  in  the  metal  is  temporally  and  spatially 
inhomogeneous.  The  penetration  depth  of  the  x-ray  beam  in  the  Pt  sample  is 
estimated  to  be  about  600  nm  compared  to  about  20  nm  for  the  absorption  length 
of  the  193  nm  radiation.  Thus  caution  should  be  exercised  when  applying  the 
standard  expression  for  the  estimation  of  the  influaice  of  the  heating  on 
difrracted  x-ray  signals.  From  these  meastirements  we  estimate  that  the 
temperature  of  the  surface  of  the  crystal  was  increased  by  100-300  "C  as  a  result 
of  the  picosecond  laser  pulse  heating.  More  detailed  measurements  and 
discussion  will  be  presented  in  a  subsequent  commimications. 
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Using  10  ps,  193  nm  pulses  to  generate  characteristic  Cu  Ka  picosecond  x- 
ray  pulses,  t  <  50ps,  at  300Hz,  we  have  being  able  to  detect,  for  the  first  time 
ever,  transient  lattice  spacing  in  gold  crystals. 

The  application  of  short  laser  pulses  to  nanostructure  fabrication  is  a  rather  new 
and  fast  growing  area  of  research.  Because  it  is  now  possible  to  control  precisely 
the  location  and  amount  of  energy  delivered  as  wdl  as  to  realize  high 
heating/cooling  rates,  short  pulse  las^  heating  makes  an  important  contribution 
to  the  development  of  new  means  for  material  processing  in  microelectronics 

[24] .  Understanding  the  mechanism  responsible  for  heat  transfer  during  short 
pulse  laser  heating  is  essential  for  the  further  improvement  of  these  technologies 

[25] .  So  far  most  of  the  experimental  results  related  to  time  resolved  heat  transfer 
studies  have  been  carried  out  by  reflectivity  measurements.  In  these  experiments 
the  electron  gas  temperature  is  measured  and  based  on  this  data  deductions  are 
made  about  lattice  temperature  [24-27]. 

Direct  measurements  of  the  lattice  temperature  are  obviously  necessary 
for  the  understanding  of  the  complete  mechanism  of  heat  transfer.  Time  resolved 
electron  and  x-ray  diffraction  are  the  most  useful  techniques  for  the 
measurement  of  the  lattice  bdiavior  during  pulse  laser  heating.  Picosecond  time 
resolution  has  been  achieved  in  electron  diffraction  experiments  from  thin 
crystals  [28,29]  and  nanosecond  resolution  experiments  have  been  reported  in  x- 
ray  diffraction  measmements  on  silicon  during  pulse  laser  aimealing  [30]. 
Subnanosecond  resolution  has  also  been  achieved  with  a  laser  plasma  x-ray 
source  using  an  x-ray  streak  camera  to  study  the  shock  wave  propagation  in 
crystals  imder  picosecond  laser  illumination  [31]. 

Recently  we  have  develop  a  new  system  for  time  resolved  x-ray 
di^action  measurements  [32,33].  The  system  is  based  on  application  of 
ultraviolet  (UV)  picosecond  pulses  for  generation  of  highly  synchronized 
picosecond  electron  and  x-ray  pulses.  In  this  letter  we  report  the  results  of  the 
application  of  this  system  to  time  resolved  picosecond  x-ray  diffraction 
measurements  on  a  thin  gold  crystal  heated  by  193  nm,  picosecond  pulses.  The 
expoimental  system  has  been  described  in  detail  elsewhere  [34,35]  and  here  only 


its  characteristics  related  to  the  time  resolved  x-ray  diffraction  will  be 
summarized.  A  cw  mode-locked  Nd:YLF  laser  is  used  as  a  master- 
oscillator/clock  in  a  laser  system  which  produces  10  ps,  193  nm  pulses  with 
energy  up  to  2  mj  and  300  Hz  repetition  rate  determined  by  the  ArF  exdmer 
amplifier.  The  UV  pulses  are  split  in  two  beams,  one  is  used  to  drive  an  x-ray 
photodiode  and  the  other  as  a  pump  pulse  to  heat  the  gold  crystal.  Picosecond 
Cu  Ka  x-ray  pulses  are  generated  in  an  x-ray  photodiode  by  illuminating  an  A1 
photocathode  with  picosecond  193  nm  pulses.  The  electron  pulses  hx>m  the 
cathode  are  accelerated  by  a  70  k V  dc  electric  field  and  impinge  on  a  cooper 
anode  to  produce  x-ray  radiation.  When  10  ps  UV  pulses  are  used  to  illuminate 
the  photocathode  they  produce  electron  pulses  with  the  same  duration  near  the 
cathode  surface,  however  due  to  space  charge  effects  in  the  diode  the  pulse 
duration  will  increase  by  the  time  it  arrives  at  the  anode[35,]Using  the  approach 
reported  in  [36]  we  have  calculated  that  for  our  diode  the  electron  pulse  duration 
at  the  anode  will  be  21  ps,  which  we  accept  as  a  lower  limit.  Since  we  did  not 
have  the  capability  to  measure  the  duration  of  a  single  x-ray  pulse,  we  relied  on 
accumulative  measurement  of  several  thousands  pulses  with  a  high  repetition 
rate  x-ray  streak  camera.  By  this  means  we  have  estimated  that  the  upper  limit  of 
the  x-ray  pulses  used  in  our  experiment  to  be  50  ps.  Two  vertical  slits  25x0.5 
mm^  and  25x0.25  nun^  separated  by  30  cm  were  used  to  define  the  x-ray  beam 
to  be  diffiracted  firom  the  (111)  gold  crystaL  The  distance  between  the  x-ray  diode 
and  the  gold  crystal  was  40  cm,  which  gave  for  10^  take  off  angle  about  4x10^  Cu 
Ka  photons  per  cm^  per  second  on  the  crystal. 

Picosecond  193  nm  ptilses  were  used  to  heat  the  crystal.  The  pulses  passed 
through  a  variable  delay  and  then  were  focused  with  a  35  cm  focal  length  lens 
which  made  a  spot  size  of  about  3  mm  diameter  on  the  crystal.  In  order  to 
facilitate  the  overlap  alignment  of  the  x-ray  and  UV  beams  a  small  area  of  the  Au 
crystal  was  evaporated  by  focusing  the  laser  beam  (see  Fig.9).  The  Bragg  angle 
for  1.54  A  radiation  for  Au(lll)  crystal  is  19.086^  and  the  incident  x-ray  radiation 
on  the  crystal  surface  covered  a  strip  -'1.4  mm  wide.  The  150  nm  thick  gold 
crystal  had  a  9  x  15  mm^  surface  area  and  was  grown  on  100  mm  thick  mica 
crystal.  The  crystal  was  placed  on  a  three  axis  Eulerian  cradle  allowing  for 
accurate  alignment.  The  timing  of  the  x-ray  pulse  and  the  UV  pulse  was  achieved 
by  a  stoeak  camera  with  a  composite  caduxie  sensitive  to  both  x-ray  and  UV 
radiation.  The  streak  camera  used  to  measure  the  timing  was  situated  at  the 
opposite  side  of  the  x-ray  chamber  [33]  and  the  timing  of  UV  and  x-ray  puises  on 
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the  crystal  was  geometrically  translated.  The  estimated  accuracy  was  better  than 
100  ps. 

The  diffracted  x-ray  radiation  was  detected  by  a  large  area  CCD  camera. 
The  camera  consists  of  a  Ford  Aerospace  2048x2048  MPP  CCD  chip  (15  mm 
pixel),  cooled  by  liquid  nitrogen  and  interfaced  to  a  Macintosh  Ilfx  computer. 
The  active  area  of  the  CCD  is  30x30  mm2,  cooling  the  CCD  to  -lOO^C  allows  for  a 
single  x-ray  photon  detection.  In  the  measurements  reported  here  4x4  or  4x2 
pixel  binning  were  employed  for  1800  s  exposures  (5.4  x  10^  shots).  Fig.  1  shows 
a  typical  picture  of  the  difhracted  x-rays  as  displayed  by  the  CCD  detection 
system.  The  gap  in  the  signal  is  due  to  the  evaporated  part  of  the  crystal  and  the 
heating  area  is  located  just  above  this  gap.  The  lower  part  of  the  crystal  as  well  as 
its  upper  part  were  not  illuminated  with  UV  radiation  during  any  measurement 
and  were  used  only  as  reference.  Typically,  two  consecutive  picosecond  x-ray 
exposures  were  made,  one  with  UV  radiation  heating  the  selected  part  of  the 
crystal  and  another  without  UV  heating. 

Heating  solid  materials  with  nanosecond  and  picosecond  laser  pulses, 
when  the  laser  radiation  induces  neither  melting  nor  vaporization  has  been 
studied  theoretically  in  some  detail  [37].  Recent  studies  with  femtosecond  pulses 
[26]  suggest  that  for  gold  films  with  thickness  up  to  300  nm  the  heat  transport  is 
very  fast,  himdreds  of  femtoseconds.  Th^efore  in  our  experiment  although  the 
pulse  duration  of  10  ps  is  an  order  of  magnitude  [25]  longer  than  the  electron- 
phonon  relaxation  time,  the  film  thickness  is  less  than  3(X)  nm  and  the  fast  heat 
transport  will  contribute  to  a  much  faster  increase  of  the  film  temperature  than 
the  heat  diffusion  theory  predicts.  In  Table  m  the  optical  and  thermal  properties 
of  gold  and  mica  which  are  relevant  to  our  experiment  are  given.  From  those 
data  we  calculate  that  for  a  laser  pulse,  tp  =  10  ps,  the  diffusion  length  is 
(2ktp/Cpr)l/2  s  51  nm.  This  length  represents  the  crystal  depth  heated  during 
the  pulse  illumination.  Additionally  it  takes  about  80  ps  for  the  heat  to  diffuse 
through  the  crystal  to  the  mica  substrate.  Using  the  heat  propagation  speed  in 
gold  films  reported  by  Brorson  et  al.  [26]  we  find  that  only  ~0.2  ps  are  necessary 
for  the  heat  to  spread  through  the  150  nm  thick  gold  film. 

In  our  experiments  the  193  nm  pulse  enorgy  transferred  on  to  the  gold 
sample  was  less  than  0.15  mj  and  for  a  spot  diameter  of  ~3  mm  the  maximum 
energy  density  was  2.1  mj/cm2.  The  spatial  distribution  of  the  intensity  in  the 
cross  section  of  the  193  nm  beam  was  a  flat  top  with  uniform  intensity  of  about 
80%.  Rough  estimates  [38]  show  that  a  pulse  energy  of  0.1  mJ  will  increase  the 
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temperatuiie  of  the  heated  area  of  the  gold  crystal  by  about  90^0.  After  about  100 
ps,  according  to  heat  diffusion  theory,  the  absorbed  energy  will  be  distributed  in 
the  crystal  volume  of  3  mm  diameter  and  150  nm  thickness.  The  heat  dissipation 
from  this  area  may  take  three  directions  -  along  the  gold  film,  by  the  air  and 
through  the  mica  substrate.  Estimates  have  shown  that  at  least  in  the  nanosecond 
time  frame  heat  dissipation  takes  place  mostly  through  the  mica  substrate  and 
after  10  ns  the  temperature  of  the  gold  film  will  drop  by  about  20%. 

In  our  experiments  we  have  measured  the  x-ray  diffi'action  intensity  as  a 
function  of  time  delay  between  the  UV  pump  and  x-ray  probe  pulse  from  -100  ps 
to  +1.8  ns. 

Temperature  changes  in  a  crystal  are  expected  to  affect  the  scattered  x- 
ra3rs  in  two  ways: 

1}  Thermal  ionic  motion  which  will  decrease  the  height  of  the  Bragg  peak 
intatsity  (Debye- Waller  effect). 

2)  The  thermal  expansion  which  will  result  in  the  increase  of  the  lattice  spacing 
and  thus  change  the  Bragg  angle  for  coherent  scattering,  resulting  in  a  "shift"  of 
the  Bragg  diffracted  band. 

To  our  knowledge  the  problem  of  x-ray  scattering  from  heated  crystals 
taking  into  account  both  of  the  above  mentioned  effects  together  has  not  been 
sufficiently  studied  [39].  Therefore  we  estimate  each  etfect  separately. 

Using  the  Debye-Waller  factor  data  for  gold  crystal  [40]  we  find  that  for  a 
uniform  lattice  temperature  increase  of  100^,  above  room  temperature,  the 
decrease  in  the  scattered  x-ray  intensity  of  die  Bragg  peak  will  be  about  2%, 
correspondingly,  for  a  temperature  change  of  200<K!  the  intensity  will  decrease 
by  5%.  In  Fig.  10  the  ratio  of  the  scattered  x-ray  intensities  for  cold  and  heated 
crystal  samples  are  presented.  For  negative  delays,  that  means  the  x-ray  probe 
pulse  reaches  the  crystal  before  the  UV  pulse,  the  ratio  is  1.  When  the  x-ray  probe 
pulse  arrives  after  the  UV  heating  pulse  the  ratio  drops  to  about  0.90  and  stays 
(m  that  level  for  the  maximum  delay,  1.8  ns,  used  in  our  experiments.  The 
measurements  were  carried  out  with  the  maximum  energy  per  pulse  available  to 
us.  For  the  experiments  presented  here  the  pump  pulse  energy  delivered  to  the 
crystal  was  in  the  range  80  -150  mj.  For  every  exposure  the  pump  pulse  energy 
was  mcmitored  by  an  oscilloscope,  however  no  recording  of  the  energy  of  every 
single  pump  pulse  was  available.  It  is  possible  that  some  pulses  have  higher  or 
lower  energy  due  to  temporal  fluctuations  mainly  in  triggering  the  exdmer 
amplifier.  We  estimate  that  the  fluctuation  in  the  output  pulse  energy  could  be  as 
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high  as  30%.  Although  the  fluctuations  in  the  signal  are  comparable  to  the  x-ray 
intensity  changes  observed,  the  recorded  decrease  in  the  scattered  x-ray  intensity 
was  consistently  higher  than  the  one  which  the  Debye-Waller  theory  predicts. 
The  same  behavior  has  been  observed  in  cw  heating  experiments  [39] 

Assuming  a  uniform  lattice  temperature  increase  of  100^  and  the  linear 
thermal  expansion  coefficient  given  in  Table  in  we  calculate  that  the  change  in 
the  Bragg  angle  will  be  0.03  arc  degrees.  This  value  in  our  experimental  set  up, 
translates  to  a  shift  of  2  pixels  on  the  CCD.  For  200^C  temperature  change  the 
shift  will  be  4  pixels.  In  the  measurements  presented  4x2  binning  of  the  CCD  was 
used,  biniung  by  2  was  in  the  direction  of  the  Bragg  angle  (horizontal  axis  of  Fig. 
9,11).  In  Hg.  11a  we  show  a  comparison  of  the  x-ray  diffi'action  data  obtained  for 
the  heated  and  imheated  areas  of  the  gold  crystal.  The  signal  is  averaged  over  20 
pixels  along  the  vertical  axis  and  scanned  along  the  horizontal  axis  (see  Fig.  9).  In 
Fig.  11b  we  show  the  scans  of  the  same  two  x-ray  exposures  but  from  the  area  on 
the  crystal  where  no  heating  was  applied.  In  all  measurements  comparisons  were 
made,  as  shown  in  Fig.  lib,  with  signals  above  and  below  the  heated  area  of  the 
crystal.  A  2  to  4  pixels  shift  in  the  Bragg  angle  was  clearly  observed  after  heating. 
For  negative  time  delays  no  such  shift  in  the  heated  area  was  recorded.  As 
expected  the  shift  was  found  to  be  related  to  the  heating  pidse  energy  and  for 
pulse  energies  below  0.03  mj  no  shift  was  observed. 

Both  effects,  decrease  in  the  scattered  x-ray  intensity  and  shift  in  the  Bragg 
angle,  were  clearly  detected.  A  detail  study  on  the  dependence  of  the  diffiracted 
intensity  decrease  and  shift  on  the  heating  pulse  energy  were  not  made  because 
of  the  limited  pump  pulse  energy  available.  In  both  signals  the  transition  region 
near  the  zero  time  delay  was  clearly  observed  as  shown  in  Fig.lO.  However 
because  of  our  time  resolution  of  50  ps,  which  is  essentially  the  time  required  for 
diffusive  temperature  equilibrium  in  the  150  nm  thick  gold  film  it  was  difficult  to 
achieve  a  better  resolution  in  this  transition  region.  We  hope  that  with  an 
additional  regenerative  amplifier,  now  imder  construction,  and  shorter  x-ray 
pulses  we  will  be  able  to  resolve  better  this  traiisition  in  time  and  energy. 

In  summary  we  have  developed  an  experimental  system  for  time  resolved 
x-ray  diffiraction  studies  which  has  a  resolution  of  better  than  50  ps.  The  system 
has  been  applied  as  an  ultrafast  lattice  temperature  probe  during  picosecond 
laser  heating  of  gold  (111)  crystals.  The  system  is  under  further  development  to 
reduce  the  optical  pulse  below  1  ps  which  will  allow  for  generation  of  x-ray 
pulses  shorter  than  10  ps  without  sacrifice  in  the  number  of  x-ray  photons 


generated  per  pulse.  Additionally,  ovir  planned  increase  in  photon  flux,  better 
stabilization  and  monitoring  of  the  pump  pulse  energy,  will  greatly  increase  the 
uses  of  this  experimental  system. 

VIII.  Summary  and  future  developments. 

The  results  presented  show  that  an  optically  driven  x-ray  diode  is  capable 
of  generating  high  repetition  rate  hard  x-ray  pulses  in  the  range  of  10-100  ps. 
Replacement  of  the  anode  material  allows  a  wide  spectral  range  of  characteristic 
wavelengths  to  be  generated.  At  70  kV  the  estimated  brilliance  is  about  300 
kW/mm^,  which  is  several  orders  of  magnitude  higher  than  the  conventional  x- 
ray  tube.  However,  in  spite  of  the  gain  in  peak  power,  the  amount  of  Ka  x-ray 
photons  per  pulse  in  a  small  solid  angle  required  for  time-resolved  diffraction  is 
too  low  for  single  shot  measurements.  For  most  practical  cases,  accumulation  of 
thousands  of  shots  is  necessary  to  produce  reliable  results.  In  order  to  preserve 
the  picosecond  time  resolution  of  the  measurements,  low  jitter  between  the  x-ray 
probe  pulse  and  the  pump  source  must  be  maintained.  As  mentioned  above,  this 
system  provides  picosecond  pulses  at  several  wavelengths  which  are  accurately 
synchronized  with  the  x-ray  pulse;  while  for  synchronization  to  other  ultrafast 
sources,  the  RF  signal  of  the  cw  mode-locked  oscillator  makes  a  an  excellent 
system  clock.  The  observed  jitter  between  the  x-ray  pulse  and  the  output  from 
the  delay  generator  was  approximately  200  ps  using  the  RF  signal  as  the  trigger 
source  (Fig.  11). 

The  low  duty  cycle  of  this  system  is  determined  by  the  300  Hz  repetition 
rate  of  ArF  exdmer  amplifier.  Existing  laser  technology  will  allow  the 
production  of  powerful  UV  pulses  at  higher  repetition  rates,  i.e.,  several  KHz 
with  pulse  durations  in  the  picosecond  and  subpicosecond  range,  which  may  be 
exploited  for  further  development  of  this  technique  for  the  generation  of  x-ray 
pulses  shorter  than  10  ps. 
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X. 


Figure  Captions 


Fig.  1.  Schematic  diagram  of  a  planar  x-ray  photodiode. 

Fig.  2.  High  repetition  rate  laser  system  for  generation  and  amplification  of  picosecond 
pulses  at  193  nm. 

Fig.  3  a)  Experimental  set-up  for  x-ray  output  diagnostics  and  picosecond  time-resolved 
x-ray  diffraction,  b)  Schematic  diagram  of  the  X-ray  CCD  detector,  c)  Schematic 
representation  of  the  X-ray  streak  Camenra 

Fig.  4.  a)  Streak  camera  data  showing  UV  and  x-ray  pulsewidths  accumulated  in 

videoprocessor  memory,  b)  Scans  of  the  UV  and  x-ray  pulse  images  provide 
observed  pulse  duration  of  51  ps  and  128  ps,  (FWHM)  respectively. 

Fig.  5.  X-ray  pinhole  picture  of  the  anode. 

Fig.  6.  X-ray  energy  as  a  function  of  the  applied  voltage. 

Fig.  7.  CCD  image  of  the  diffracted  x-rays  from  Pt  (111)  crystal.  X-ray  diffraction 
signals  from  unheated  and  heated  parts  of  the  crystal  are  separated  by  a  metal 
screen. 

Fig.  8.  Averaged  pixel  values  of  the  diffracted  x-rays  from  two  consecutive  30  min, 

exposures.  The  signal  strength  is  averaged  over  20  pixels  along  the  vertical  axis 
and  scanned  along  the  horizontal  axis  of  Fig  7.  The  first  exposure  is  without  UV 
heating:  a)  reference  signal  from  unheated  area  and  b)  diffracted  intensity  from  t 
he  area  where  heating  will  take  pl^.  The  second  exposure  when  UV  heating 
was  applied:  c)  Reference. 

Fig.9.  CCD  image  of  the  diffracted  x-rays  from  the  Au  (111)  crystal.  The  CCD 

binning  is  x2  along  the  horizontal  axis  and  x4  along  the  vertical  axis.  Note 
tilting  of  the  ima^  in  the  heated  area. 

Fig.  10.  Time  resolved  x-ray  diffraction  data.  Intensity  ratio  dhot/Icold )  vs. 
time. 

Fig.ll.  Heat  induced  shift  in  the  x-ray  diffraction.  Averaged  pixel  values  of  the 
diffracted  x-rays  from  two  consecutive  30  min.  exposures.  The  signal 
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strength  is  averaged  over  20  pixels  along  the  vertical  axis  and  scanned 
along  the  horizontal  axis.  Solid  curve  represent  exposures  with  picosecond 
UV  heating  and  the  dashed  curve  correspond  to  x-ray  diffraction  without 
heating,  a)  -  heated  area,  b)  -  unheated,  reference,  area. 
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XI. 


Tables 


Table  I.  Quantum  effidenqr  of  electron  photoemission  from  metals 


1  [nm] 

193 

211,  [14] 

248,  [21] 

263,  [14] 

266,  [11] 

Material 

quantum  efficiency  (10*5) 

Aluminum 

46.5 

9.5 

9.0 

2.6 

Silver 

28.4 

2.6 

2.0 

Copper 

6,[22] 

28.6 

2.0 

0.84 

14.7 

Zinc 

24.7 

5.5 

1.4 

1.4 

Nickel 

17.7 

0.88 

2.5 

Gold 

16.2 

1.1 

4.7 

Molybdenum 

14.4 

0.49 

Yttrium 

13.9 

1.4 

50.0 

Tantalum 

12.5 

0.94 

1.0 

Terbium 

8.9 

0.61 

23.5 

Samarium 

6.8 

0.47 

72.5 

Table  n.  Production  of  Ka  photons  from  thick  copper  targets  at  different 
electron  energies.  ^ 


Electron  energy 
photons/pulse  Sr 
[keV] 

max  charge/ pulse 

[  pC/mm2  ] 

effidaicy 

[Ka  photon/electron  Sr] 

Ka 

25 

22.1 

1.5x10*4 

2.07x104 

50 

44.3 

5.2x10*4 

1.44x105 

75 

66.4 

1.2x10*3 

4.97x105 

150 

132.8 

2.8x10*3 

2,32x106 

300 

256.8 

3.5x10*3 

5.80x1 06 

Table  m.  Relevant  parameters  of  gold  and  mica. 


Parameter 

gold[18] 

mica[19] 

Reflectivity  at  193  nm 

0.21 

Radiation  penetration  [nm] 

13.3 

Thermal  conductivity  -  k  [W/cmK] 

3.15 

0.0067 

Specific  heat  -  Cp  [J/gK] 

0.129 

0.124 

Density -r  [g"3] 

18.88 

2.85 

Linear  expansion  coefficient  [K*^] 

1.42x10-5 
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